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ABSTRACT
We present new near-infrared (JHKs) time-series observations of RR Lyrae variables in the Messier
3 (NGC 5272) globular cluster using the WIRCam instrument at the 3.6-m Canada France Hawaii
Telescope. Our observations cover a sky area of ∼ 21′ × 21′ around the cluster center and provide an
average of twenty epochs of homogeneous JHKs-band photometry. New homogeneous photometry
is used to estimate robust mean magnitudes for 175 fundamental-mode (RRab), 47 overtone-mode
(RRc), and 11 mixed-mode (RRd) variables. Our sample of 233 RR Lyrae variables is the largest thus
far obtained in a single cluster with time-resolved, multi-band near-infrared photometry. Near-infrared
to optical amplitude ratios for RR Lyrae in Messier 3 exhibit a systematic increase moving from
RRc to short-period (P < 0.6 days) and long-period (P & 0.6 days) RRab variables. We derive
JHKs-band Period–Luminosity relations for RRab, RRc, and the combined sample of variables.
Absolute calibrations based on the theoretically predicted Period–Luminosity–Metallicity relations for
RR Lyrae stars yield a distance modulus, µ = 15.041± 0.017 (statistical) ± 0.036 (systematic) mag,
to Messier 3. When anchored to trigonometric parallaxes for nearby RR Lyrae stars from the Hubble
Space Telescope and the Gaia mission, our distance estimates are consistent with those resulting from
the theoretical calibrations, albeit with relatively larger systematic uncertainties.
1. INTRODUCTION
RR Lyrae (RRL) variables are low-mass (0.5 .
M/M
⊙
. 0.8), old (> 10 Gyr) stars that are located in a
region between the cross-section of the horizontal branch
and the classical “instability strip” in the Hertzsprung–
Russell diagram. These horizontal branch stars pulsate
during their central helium burning evolutionary phase,
similar to intermediate-mass (3 . M/M
⊙
. 10) classi-
cal Cepheids. RRL follow a visual (V -band) magnitude–
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metallicity relation with negligible dependence on pulsa-
tion periods unlike classical Cepheids (Bono et al. 2003).
The reason for this different behavior is that the bolo-
metric correction’s sensitivity to effective temperature
becomes significant only at longer wavelengths (R-band
onwards, Catelan et al. 2004). Indeed, RRL exhibit well
defined Period–Luminosity relations (PLRs) at infrared
wavelengths, first demonstrated in pioneering work by
Longmore et al. (1986), which makes them excellent dis-
tance indicators (see recent reviews, Beaton et al. 2018;
Bhardwaj 2020). RRL play a key role in our understand-
ing of stellar evolution and pulsation (Catelan 2009),
and as stellar population tracers for Galactic archaeol-
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ogy and the cosmic distance scale (Kunder et al. 2018;
Beaton et al. 2018).
Globular clusters (GCs) typically host a rich and ho-
mogeneous population of RRL stars. Messier 3 (M3
or NGC 5272), located at a distance of ∼ 10 kpc,
hosts one of the largest samples of RRL with a domi-
nant population of fundamental mode RRL (RRab) vari-
ables (Clement et al. 2001). M3 has a mean metallicity
of [Fe/H]∼ −1.5 dex (Harris 2010) and the observed
period distribution of its RRL population exhibits a
sharp peak at fundamental pulsator period of 0.55 day
(Jurcsik et al. 2017), indicating that it is a typical
Oosterhoff I type (OoI, Oosterhoff 1939; Fabrizio et al.
2019) cluster. While multiple stellar populations have
been detected along the red giant branch of M3 (e.g.,
Massari et al. 2016; Lee & Sneden 2020), no signifi-
cant variation has been detected in the iron abundance
(Sneden et al. 2004). Furthermore, helium enhancement
(∆Y . 0.02) has been suggested to explain observed
properties of horizontal branch stars (Dalessandro et al.
2013; Valcarce et al. 2016; Denissenkov et al. 2017).
Insignificant interstellar reddening (VandenBerg et al.
2016) and the close proximity of M3 motivated sev-
eral detailed long-term photometric investigations at
optical wavelengths (Bakos et al. 2000; Cacciari et al.
2005; Benko 2006; Jurcsik et al. 2012, 2017, and ref-
erences therein). Optical photometry has been used
to investigate the Blazhko effect, multimode pulsations
and period doubling in M3 RRL variables (Jurcsik et al.
2015; Jurcsik 2019). The RRL population in M3 clus-
ter has also been explored at ultraviolet wavelengths
(Siegel et al. 2015). At near-infrared (NIR) wave-
lengths, Longmore et al. (1990) derived Ks-band PLRs
for RRL in GCs including 49 variables in the outer re-
gion of M3. Apart from that, NIR photometry of RRL
in M3 has been limited to a sample of 7 RRL in the
inner region of the cluster (Butler 2003).
M3 has been the subject of several theoretical stud-
ies aimed at reproducing the observed pulsation prop-
erties and, in particular, the period distribution of
its RRL population (Catelan 2004; Castellani et al.
2005; Fadeyev 2019). Catelan (2004) showed that
the predicted period distribution based on canon-
ical horizontal branch models is inconsistent with
observations, while Castellani et al. (2005) suggested
that a bimodal mass distribution would be required
to reproduce the period distribution with canoni-
cal models. Marconi & Degl’Innocenti (2007) accu-
rately modeled optical light curves of M3 RRL using
nonlinear pulsation models with [Fe/H]∼ −1.34 dex
(Carretta & Gratton 1997), and estimated a distance
modulus of 15.10 ± 0.10 mag. Using horizontal branch
models, Denissenkov et al. (2017) found a good agree-
ment with observed properties of RRL and non-variable
horizontal branch stars for a distance modulus and red-
dening of µ = 15.02 mag and E(B − V ) = 0.013 mag,
respectively.
RRL as distance indicators have gained signif-
icance with increasing NIR observations especially
in GCs (Sollima et al. 2006; Coppola et al. 2011;
Stetson et al. 2014; Braga et al. 2015; Navarrete et al.
2015; Braga et al. 2018). These horizontal branch vari-
ables can complement the tip of the red giant branch
stars to provide an absolute primary calibration for the
population II distance ladder (Beaton et al. 2016). The
homogeneous population of RRL in different GCs offers
the possibility to derive their PLRs and estimate the
dependence on metal abundance (Sollima et al. 2006).
While theoretical models predict a significant metallicity
coefficient of the RRL Period–Luminosity–Metallicity
(PLZ) relation (e.g., Catelan et al. 2004; Marconi et al.
2015), it is still a topic of active debate considering
the paucity of RRL with both high-resolution spectro-
scopic metallicities and precise parallaxes suitable to es-
tablish an empirical calibration (Muraveva et al. 2018;
Neeley et al. 2019; Bhardwaj 2020). Therefore, NIR ob-
servations of abundant RRL in M3 will not only be use-
ful for studies of the distance scale but also complement
optical and ultraviolet data for a rigorous comparison
with evolutionary and pulsation models.
In this work, we present NIR time-series observations
of RRL in M3 for the largest sample of variables in an
individual GC. The paper is organized as follows. In Sec-
tion 2, we describe the observations, the data reduction
and the photometric calibrations. The NIR light curves
and pulsation properties of the RRL are discussed in
Section 3. We discuss the JHKs-band PLRs for M3
RRL in Section 4 and estimate a robust distance to the
cluster. The results are summarized in Section 5.
2. OBSERVATIONS, DATA REDUCTION, AND
PHOTOMETRIC CALIBRATION
2.1. Observations and data reduction
Our NIR observations were obtained using the
WIRCam instrument (Puget et al. 2004) mounted on
the 3.6-m Canada France Hawaii Telescope (CFHT) on
the summit of Mauna Kea in Hawaii during 4 nights be-
tween 26 and 29 May 2019. WIRcam is an array of four
2048× 2048 HgCdTe HAWAII-RG2 detectors arranged
in 2 × 2 grid with gaps of 45′′ between adjacent detec-
tors. The pixel scale of each detector is 0.3′′ pixel−1
resulting in a field of view of ∼ 21′ × 21′. We requested
JHKs time-series observations in queue mode centered
on the M3 cluster center, and obtained 22 epochs in J
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Table 1. Log of NIR observations.
J-band H-band Ks-band
Date MJD Airmass IQ Nf MJD Airmass IQ Nf MJD Airmass IQ Nf ET
days arcsec days arcsec days arcsec sec
2019-05-26 58629.2882 1.037 0.60 16 58629.2953 1.028 0.56 15 58629.3002 1.023 0.51 15 5
2019-05-26 58629.2903 1.034 0.59 15 — — — — — — — — 5
2019-05-26 58629.3412 1.015 0.78 15 58629.3459 1.017 0.67 15 58629.3515 1.021 0.76 15 5
2019-05-26 58629.3829 1.066 0.79 15 58629.3926 1.088 0.65 16 58629.3979 1.102 0.60 15 5
2019-05-26 58629.3873 1.076 0.72 15 — — — — — — — — 5
2019-05-26 58629.4659 1.446 1.09 14 58629.4733 1.513 0.93 15 58629.4783 1.563 1.02 14 5
2019-05-27 58630.2506 1.109 0.53 15 58630.2558 1.095 0.53 15 58630.2612 1.081 0.49 15 5
2019-05-27 58630.2925 1.028 0.46 15 58630.2975 1.023 0.44 15 58630.3022 1.019 0.45 15 5
2019-05-27 58630.3369 1.014 0.71 15 58630.3414 1.016 0.72 16 58630.3478 1.021 0.67 16 5
2019-05-27 58630.3783 1.062 0.77 15 58630.3831 1.072 0.65 15 58630.3879 1.083 0.61 15 5
2019-05-27 58630.4223 1.197 0.59 15 58630.4269 1.217 0.57 15 58630.4314 1.239 0.49 15 5
2019-05-27 58630.4666 1.476 0.65 15 58630.4711 1.519 0.60 15 58630.4757 1.563 0.53 15 5
2019-05-28 58631.2576 1.083 0.72 15 58631.2627 1.072 0.68 15 58631.2672 1.062 0.63 15 5
2019-05-28 58631.3046 1.016 0.70 15 58631.3100 1.013 0.70 15 58631.3151 1.012 0.73 15 5
2019-05-28 58631.3475 1.023 0.74 15 58631.3522 1.027 0.72 15 58631.3579 1.034 0.73 15 5
2019-05-28 58631.3887 1.092 0.64 15 58631.3933 1.104 0.66 15 58631.3979 1.118 0.58 15 5
2019-05-28 58631.4323 1.258 0.71 15 58631.4369 1.283 0.66 15 58631.4416 1.311 0.67 15 5
2019-05-28 58631.4771 1.608 0.83 15 58631.4817 1.662 0.84 15 58631.4863 1.721 0.79 15 5
2019-05-29 58632.3011 1.018 0.89 16 58632.3104 1.012 0.84 15 58632.3160 1.011 0.67 15 5
2019-05-29 58632.3587 1.039 0.75 15 58632.3634 1.046 0.77 15 58632.3680 1.053 0.68 15 5
2019-05-29 58632.4045 1.148 0.60 15 58632.4093 1.166 0.62 15 58632.4141 1.185 0.56 15 5
2019-05-29 58632.4509 1.392 0.60 15 58632.4556 1.429 0.63 15 58632.4605 1.470 0.56 15 5
Note—MJD: Modified Julian Date (JD−2,400,000.5). IQ: Image quality (in arcseconds) measured by the queued service observing at
the CFHT. Nf: Number of dithered frames per epoch. ET: Exposure time (in seconds) for each dithered frame.
and 20 epochs in the H and Ks-bands. Each epoch con-
sisted of on average 15 dithered images obtained with
an exposure time of 5s per image. This resulted in more
than 900 images in total. A summary of all the epochs
in JHKs-bands is listed in Table 1.
Images were downloaded from the IDL Interpretor of
the WIRCam Images (‘I‘iwi1) preprocessing pipeline
at CFHT. The ‘I‘iwi pipeline incorporates detrending
(dark subtraction, flat-fielding) and initial sky subtrac-
tion, and provides calibrated WIRCam data products.
For each preprocessed image, a weight map was cre-
ated using WeightWatcher (Marmo & Bertin 2008) to
mask bad pixels in the WIRCam mosaic. Astrometric
calibration of preprocessed images was performed using
SCAMP (Bertin 2006). SCAMP uses a catalog of sources
matched with the Two Micron All Sky Survey (2MASS)
Point Source Catalog (Skrutskie et al. 2006) generated
using SExtractor (Bertin & Arnouts 1996). The as-
1 https://www.cfht.hawaii.edu/Instruments/Imaging/WIRCam/
IiwiVersion2Doc.html
trometric calibration was done at a very high precision
both internally (∼ σint = 0.1
′′) and externally using
2MASS (∼ σext = 0.15
′′). SCAMP also scales the flux
of each detector with different magnitude zero-points
and performs an initial photometric calibration against
2MASS with a root-mean-square (rms) error of ∼ 0.025
mag for high signal-to-noise (S/N > 100), and with a
rms of ∼ 0.045 mag for fainter stars. After performing
astrometric calibration, dithered images at each epoch
were median-combined using SWARP (Bertin et al. 2002)
at the instrument pixel scale.
2.2. Point-spread function photometry
We performed photometry on each epoch image us-
ing the DAOPHOT/ALLSTAR (Stetson 1987) and ALLFRAME
(Stetson 1994) routines applied to the J , H , and Ks
filters separately. As a first step, we determined an
approximate full width at half maximum (FWHM) for
4 Bhardwaj A. et al.
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Magnitudes in the 2MASS system
Figure 1. Internal photometric precision of our photometry
as a function of 2MASS magnitude for the J (top), H (mid-
dle), and Ks (bottom) bands. In all three panels, we have
excluded sources (1) with σexternal/σinternal . 2 in all three
bands; (2) that are located within 300 pixels in radius from
the crowded center; (3) that are within 300 pixels from the
corners of the detectors.
sources in each image using IRAF2. Using DAOPHOT, we
identified all sources > 4σ detection threshold and per-
formed aperture photometry within 3 pixel apertures.
In the second step, we selected up to 300 bright and iso-
lated stars uniformly distributed across each image ex-
cluding sources in the inner 500 pixels from the crowded
center of the cluster. These stars were selected to deter-
mine a point-spread function (PSF) for each image. The
PSF was modeled as a Gaussian profile with no spatial
variation across the detector. PSF photometry was per-
formed using ALLSTAR on all sources for which aperture
photometry was obtained in the first step. Finally, ac-
curate frame-to-frame coordinate transformations were
2
IRAF is distributed by the National Optical Astronomy Obser-
vatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under cooperative agreement
with the National Science Foundation.
obtained for all epoch images using the DAOMATCH and
DAOMASTER routines (Stetson 1993).
In the third step, we combined best-seeing (IQ < 0.5)
JHKs-band epoch images based on the FWHM to cre-
ate a higher S/N reference frame. The first two steps
were repeated to obtain a common star list for each fil-
ter. Similarly, frame-to-frame coordinate transforma-
tions were also derived with respect to the reference
frame for all epoch images. The reference star list was
used as input for the PSF photometry in the ALLFRAME
routine. Output photometry at each epoch was merged
to obtain light curves and mean magnitudes in each fil-
ter for sources that were observed in at least 10 epochs.
We also used Stetson’s TRIAL program to extract light
curves of candidate variables and determine mean in-
strumental magnitudes and variability indices (Stetson
1996). The internal photometric precision of the JHKs
magnitudes is shown as a function of 2MASS magnitude
in Fig. 1 after excluding sources in the most crowded
central region of the cluster.
2.3. Photometric calibration in the 2MASS system
The photometric catalogs in the J , H and Ks fil-
ters were matched and merged using DAOMATCH and
DAOMASTER to perform the final photometric calibration.
We found 1968 2MASS stars in our field of view and
restricted the sample to stars with photometric qual-
ity flag ‘AAA’. This flag implies that the photomet-
ric measurements in all three JHKs-bands are deter-
mined with a S/N & 10. Sources located within 2′ from
the crowded center were also excluded to avoid blended
objects. Furthermore, the sample was limited to ob-
jects with 2MASS magnitudes fainter than 11 mag in
the JHKs-bands to avoid saturation and nonlinearities.
After these restrictions, we cross-matched the merged
catalog with the 2MASS stars and found 552 stars in
common within a tolerance of 1′′.
For absolute photometric calibration, we first cor-
rected for a fixed magnitude-independent zero-point off-
set between 2MASS and instrumental magnitudes in the
JHKs-bands. Next, we solved for a color dependence
by employing linear color terms in the transformations.
Individual objects with residuals greater than 3σ from
the initial fits were discarded iteratively to obtain robust
transformations (rms of ∼ 0.05 mag for each fit in the
JHKs-bands). We found a statistical dependence on
the 2MASS color term but adding this extra parameter
did not contribute to any significant reduction in the
rms or the chi-squared per degree of freedom. Note that
the majority of 2MASS standards span a relatively nar-
row range in color (∆(J −Ks) . 0.8 mag, ∆(H−Ks) .
0.4 mag). Furthermore, the uncertainties in the 2MASS
JHKs observations of RR Lyrae stars in M3 5
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Figure 2. Histograms of proper motions along right ascen-
sion (top) and declination (middle) for Gaia sources in the
WIRCam field of view. The mean values and the standard
deviations of the Gaussian fits to the histograms are also
shown in the top and middle panels. Bottom: Scatter plot
of proper motions of RRL variables in the M3 cluster (see
Section 3) for which Gaia astrometry is available. Median
error bars are of the order of the symbol size. An ellipse
corresponding to ±5σ standard deviations about the mean
proper motions is shown and the outliers beyond this thresh-
old are also tagged with their IDs.
colors are significant (up to ∼ 0.15 mag for quality flag
‘A’) while the uncertainties in the instrumental magni-
tudes are 5− 10× smaller. We also derived transforma-
tions including instrumental color terms. No significant
dependence on instrumental color term was found and
therefore, we did not apply any color corrections. We
estimated a maximum uncertainty of . 0.03 mag in the
photometry corresponding to the color range of RRL
stars in common with 2MASS in our photometric cata-
logs.
2.4. M3 photometry and proper motions
We cross-matched our NIR photometric catalog with
the second data release from the Gaia mission (DR2,
Lindegren et al. 2018), and found 27,417 objects for
which proper motions and G-band photometry are avail-
able. The matching radius was set to 1′′ and the nearest
neighbor was adopted in case more than one was found
within this radius. The top and middle panels of Fig. 2
display the histograms of proper motions of stars within
the WIRCam field of view. The histograms of proper
motions along the right ascension and declination peak
at µα = 0.211 and µδ = −2.385 mas yr
−1 with a half
width at half maximum of 1.129 and 0.752 mas yr−1, re-
spectively. The mean proper motions are consistent with
those derived by Gaia Collaboration et al. (µα = −0.11,
µδ = −2.63, 2018) considering the large standard devi-
ation of the Gaussian distribution. Given the uncer-
tainties in the astrometry, we conservatively consider
all sources within ±5σ of their peak proper motions as
members of the cluster. Fig. 3 displays the proper mo-
tion cleaned (J −Ks),Ks color–magnitude diagram for
sources in M3. The proper motions of RRL are shown
in the bottom panel of Fig. 2. The location of RRL on
the horizontal branch is also shown in Fig. 3 using mean
magnitudes determined in the next section.
3. RR LYRAE PHOTOMETRY
We adopted a reference list of variable candidates in
M3 from the updated catalog3 of Clement et al. (2001).
Their compilation consists of 241 RRL stars including
coordinates, periods, V -band amplitudes4, and the clas-
sification for most of these cluster variables. There
are 178 RRab, 48 overtone-mode RRL (RRc), and 11
double/multi-mode (RRd) variables. Four RRL (V129,
V217, V265, and V268) have uncertain classifications
and two of these (V265 and V268) do not have any deter-
mination of their pulsation period. Six of the 241 RRL
variables (V113, V115, V123, V205, V206, V299) are
outside the WIRCam field of view. The periods, Ooster-
hoff and Blazhko types for these variables were updated
following Jurcsik et al. (2015) and Jurcsik et al. (2017).
The JHKs light curves of the RRL were extracted
using a cross-match with PSF photometric catalogs
within a search radius of 1′′. While 90% of targets
matched within 0.1′′ tolerance, photometry for two RRL
(V191 and V192)5 was retrieved with ∼ 1.2′′. We
3 http://www.astro.utoronto.ca/∼cclement/
4 We exclusively use Aλ to refer to the amplitudes in a given filter
and not the extinction corrections.
5 V191 and V192 are located in the unresolved central 1.5′ of the
cluster and their photometry is also contaminated.
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Figure 3. Color–magnitude diagram for stars in M3 with
three-band photometry, and for which the proper motions
are consistent within ±5σ of their mean values. Candidate
RRL variables (see Section 3) are overplotted. RRab-Bl and
RRc-Bl represent RRL stars known to display the Blazhko
effect. Representative±2σ error bars in both the magnitudes
and colors are also shown.
also computed periods for the well-sampled light curves
and found good agreement with periods compiled by
Clement et al. (2001). The latter periods were used to
phase the light curves of all variables. Note that all
mixed mode variables were phased with their dominant
first-overtone periods. We also determined a period of
0.5284 days for V265 which has no period listed in the
catalog of Clement et al. (2001). However, our photom-
etry of the significantly blended V268 did not allow a
period determination for this variable, and therefore, it
is excluded from our analysis. The final sample of RRL
includes 234 stars (175 RRab, 48 RRc, 11 RRd).
The light curves were fitted using a fourth-order
Fourier sine series (e.g., Bhardwaj et al. 2015) to in-
spect their quality and determine phase differences (∆φ)
between successive observations. Initially, light curves
with a maximum of ∆φ . 0.2 and rms . 0.05 mag
with respect to the Fourier fits were assigned ‘A’ qual-
Table 2. NIR time-series photometry of RRL
in the M3 cluster.
ID Band MJD Mag. σmag QF
V1 J 58629.2882 14.653 0.021 A
V1 J 58629.3412 14.736 0.022 A
V1 J 58629.3829 14.748 0.010 A
... ... ... ... ...
V1 H 58629.2953 14.526 0.020 A
V1 H 58629.3459 14.511 0.019 A
V1 H 58629.3926 14.589 0.019 A
... ... ... ... ...
V1 Ks 58629.3002 14.502 0.023 A
V1 Ks 58629.3515 14.526 0.014 A
V1 Ks 58629.3979 14.456 0.014 A
... ... ... ... ...
Note—ID: Same as in the catalog of Clement et al.
(2001); MJD = JD −2, 400, 000.5. The fourth col-
umn represents magnitude in a NIR band, and the
fifth column lists its associated uncertainty. QF -
Quality flag. This table is available in its entirety
in machine-readable form. A sample time-series
in JHKs for a RRL is shown here for guidance
regarding its content.
ity flags while the remaining light curves were flagged
as ‘B’. However, most RRL with periods 0.47 < P <
0.53 days exhibit larger phase gaps (∆φ > 0.2) ei-
ther around mean-light or near the extrema. Therefore,
Fourier-fitted light curves were also inspected visually
and flagged as ‘A’ if the extrema were well-constrained
so as to estimate accurate amplitudes. The poor-quality
light curves which exhibit large scatter or do not show
any distinct periodicity in one or more filters, due to
photometric contamination, were assigned a ‘C’ quality
flag. Fig. 4 displays a few example light curves of quality
flags ‘A’ and ‘B’, and different subclasses of RRL stars
spanning the entire period range (see also Appendix A).
NIR time-series photometry of M3 RRL is provided in
Table 2.
3.1. Template-fits, amplitude ratios and mean
magnitudes
NIR light curve templates are useful to estimate ro-
bust mean magnitudes for RRL having sparsely sam-
pled light curves. New NIR templates for RRab and
RRc stars were provided by Braga et al. (2019) cover-
ing three period bins (P . 0.55, 0.55 < P < 0.7, and
P & 0.7 day) for RRab and a single period bin for all
RRc stars. Initially, we fitted templates to RRL light
curves with quality flag ‘A’ solving for a phase offset
and amplitude simultaneously. The peak-to-peak am-
plitudes were determined accurately with a median un-
JHKs observations of RR Lyrae stars in M3 7
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Figure 4. Representative JHKs-band light curves of different subclasses of RRL spanning the entire range of periods in our
sample. The J (blue stars) and Ks (red squares) light curves are offset for clarity by +0.1 and −0.2 mag, respectively. The
dashed lines represent the best-fitting templates to the data in each band. The mixed-mode variable (V125) is phased according
to its first-overtone period. Star ID, subtype, and the pulsation period are included at the top of each panel. Light curve quality
flags are also included at the bottom left of each panel.
certainty of 33, 28, and 30 mmag in the J , H , and Ks-
bands, respectively. These amplitude measurements are
critical to constrain the amplitudes for the light curves
having large phase gaps when combined with the known
optical amplitudes, and to determine mean magnitudes.
Fig. 5 displays NIR-to-optical amplitude ratios for
RRL with well-sampled JHKs light curves. Braga et al.
(2018) provided empirical evidence that NIR-to-optical
amplitude ratios for the long-period (P & 0.7 day) RRab
in ω Cen are systematically larger than for the short-
period (P < 0.7 day) RRab. In Fig. 5, a similar trend
is also seen for long-period (P & 0.6 day) RRab in
M3. The period at which this shift occurs is smaller
for RRab in M3 than for those in ω Cen. The increase
in the amplitude ratios for long-period (P & 0.6 day)
RRab is significant in case of H and Ks-bands. Me-
dian values of NIR-to-optical amplitude ratios for short-
period (P < 0.6 day) M3 RRab are identical to those
for RRab (P < 0.7 day) in ω Cen in the case of AH/AV
and AKs/AV . For RRc in the J-band and long-period
(P & 0.6 day) RRab, the median values are typically
smaller for M3 variables compared to those of RRL in
the ω Cen. Some of the Blazhko variables seem to be
outliers in the amplitude ratio planes but the dichotomy
feature in amplitude ratios remains even if we exclude
Blazhko variables. Furthermore, we found consistent
results if the amplitudes were determined directly from
the time-series data without template fits, but with a
greater standard deviation. The mean values and the
standard deviations of these amplitude ratios are listed
in Table 3.
Fig. 6 shows NIR amplitude ratios for RRL in M3. An
increase in the median value of AH/AJ and AKs/AJ for
long-period RRab is also evident, similar to the result of
Braga et al. (2018). This feature of amplitude ratios in-
volving NIR data is different to the behavior of optical
amplitude ratio (AI/AV ) for M3 RRab (Jurcsik et al.
2018) which is constant over the entire period range
(see Braga et al. 2015, for ω Cen RRab). While this di-
chotomy is apparent for RRab in the GCs, Jurcsik et al.
(2018) instead provided empirical evidence of a linear in-
crease in AKs/AI as a function of period for RRab in the
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Figure 5. NIR-to-optical amplitude ratios - AJ/AV (top),
AH/AV (middle), and AKs/AV (bottom) are plotted as a
function of the logarithmic period. The median value and
the standard deviation (M ± σ), and the number of stars
for each sample of RRc, short-period (P . 0.6 day) RRab,
and long-period (P > 0.6 day) RRab are also shown in each
panel. The solid and dashed lines represent the median and
±1σ standard deviation of each sample. RRL stars known
to display the Blazhko effect are shown using filled symbols.
Representative median error bars are also shown at the bot-
tom of each panel.
Galactic bulge. The dichotomy in RRab amplitude ra-
tios is observed in GCs of two different Oosterhoff types
(M3 - OoI and ω Cen - OoII) and different metallicity
distributions (significant spread in ω Cen versus negligi-
ble spread in M3). Therefore, it is unlikely that metal-
licity is playing an important role. However, the ob-
served period shift in the break period (log(P ) = −0.222
[days] for M3 versus log(P ) = −0.155 [days] for ω Cen)
in NIR-to-optical amplitude ratios is in excellent agree-
ment with the offset between the mean periods of their
RRab stars (∆ log(PRRab) = −0.066 [days]). This hints
that the break period in the amplitude ratios involving
NIR data is also an indicator of the Oosterhoff type of
the cluster. Further investigation is needed to confirm
the feature in the amplitude ratios and understand the
cause of the dichotomy.
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Figure 6. As Fig. 5 but for the NIR amplitude ratios -
AH/AJ (top) and AKs/AJ (bottom). Median error bars are
of the order of the symbol size.
Table 3. Mean amplitude ratios for RRL in M3 cluster.
Band RRc RRab (S) RRab (L)
Mean σ Mean σ Mean σ
mag
All RRL with quality flag ‘A’
AJ/AV 0.357 0.042 0.391 0.071 0.419 0.071
AH/AV 0.237 0.043 0.281 0.050 0.373 0.071
AKs/AV 0.222 0.035 0.278 0.049 0.361 0.074
AH/AJ 0.671 0.110 0.721 0.075 0.891 0.110
AKs/AH 0.620 0.086 0.720 0.081 0.854 0.139
Non-Blazhko RRL with quality flag ‘A’
AJ/AV 0.355 0.041 0.412 0.042 0.439 0.065
AH/AV 0.235 0.043 0.294 0.036 0.389 0.063
AKs/AV 0.222 0.036 0.282 0.034 0.379 0.075
AH/AJ 0.667 0.107 0.701 0.057 0.897 0.118
AKs/AH 0.621 0.084 0.704 0.059 0.844 0.154
Note—Mean and standard deviation (σ). RRab (S) : Short-
period RR Lyrae (log(P ) < 0.6) days. RRab (L) : Long-
period RR Lyrae (log(P ) & 0.6) days.
Finally, NIR templates were fitted to the light curves
using NIR-to-optical amplitude ratios listed in Table 3
for M3 RRL allowing for variations within 1σ of the
quoted uncertainties. We used three period bins (P .
0.54, 0.54 < P < 0.6, and P & 0.6 day) for RRab
in contrast to Braga et al. (2018). The choice of these
adopted period cuts was based on the empirical re-
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Table 4. NIR pulsation properties of RRL in the M3 cluster.
ID RA Dec Period Type Mean magnitudes σmag Amplitudes (Aλ) ∆
′′ QF
J H Ks J H Ks J H Ks
deg. deg. days mag mag mag arcsec
V1 205.546333 28.342722 0.52059 RRab 14.880 14.647 14.594 0.017 0.019 0.020 0.419 0.311 0.317 0.006 AI
V3 205.565458 28.361611 0.55818 RRab 14.916 14.636 14.607 0.019 0.023 0.024 0.416 0.344 0.325 0.015 BII, Bl
V4n 205.534125 28.375972 0.58504 RRab 14.623 14.330 14.263 0.028 0.036 0.030 0.341 0.270 0.213 0.016 B
V4s 205.534250 28.375889 0.59305 RRab 14.766 14.509 14.609 0.029 0.036 0.033 0.443 0.304 0.274 0.453 B
V5 205.630375 28.372417 0.50579 RRab 14.881 14.682 14.662 0.015 0.015 0.018 0.557 0.386 0.350 0.008 AI, Bl
V6 205.508667 28.394889 0.51434 RRab 14.968 14.752 14.679 0.020 0.021 0.022 0.438 0.275 0.272 0.006 BI
V7 205.546208 28.402833 0.49742 RRab 15.008 14.761 14.736 0.020 0.024 0.022 0.532 0.325 0.287 0.008 BI, Bl
V8 205.522083 28.371889 0.63671 RRab 14.456 14.300 14.255 0.023 0.027 0.024 — — — 0.346 C, Bl
V9 205.456292 28.320361 0.54155 RRab 14.862 14.622 14.561 0.016 0.020 0.018 0.469 0.314 0.294 0.004 AI
V10 205.596250 28.416833 0.56955 RRab 14.824 14.567 14.515 0.017 0.017 0.017 0.437 0.296 0.319 0.004 AI, Bl
V11 205.499917 28.319944 0.50789 RRab 14.874 14.664 14.604 0.015 0.015 0.017 0.518 0.240 0.219 0.007 BI
Note—Star ID, coordinates (epoch J2000), periods, and subtypes are taken from Clement et al. (2001). ∆ is the separation, in arcseconds,
between coordinates of RRL from Clement et al. (2001) and our astrometric calibration. Quality flags (QF) - ‘A’, ‘B’, and ‘C’ (see text); ‘I’ and
‘II’ represent Oosterhoff types I and II, respectively; ‘Bl’ indicates Blazhko variation. Photometric pulsation properties of V297 are also included
for completeness. This table is available in its entirety in machine-readable form in the online journal. A portion is shown here for guidance
regarding its form and content.
sult of the amplitude ratios and the variations in the
light curve parameters of RRab in M3 at these periods
(Jurcsik et al. 2017). The Fourier amplitude parameter
(R21) in V -band starts to decrease as a function of pe-
riod ∼ 0.6 day onwards and the phase parameter (φ21)
exhibits a sudden increase for P > 0.54 day (see Fig-
ure 6 of Jurcsik et al. 2017). The lower-order Fourier
parameters contain the most characteristic information
about the shape of the light curves (Simon & Lee 1981;
Bhardwaj et al. 2015, 2017a; Das et al. 2018).
The mean magnitudes were estimated through numer-
ical integration of the best-fitting templates. While the
uncertainties in the mean magnitudes from the template
fits were typically < 0.01 mag, we conservatively added
the median photometric error in the individual measure-
ments to the uncertainties in the mean magnitudes. For
multi-mode variables and light curves with quality flag
‘C’, weighted mean magnitudes were simply determined
from the multi-epoch measurements. The peak-to-peak
amplitudes were also determined from the template fits
for RRL with quality flag ‘B’. The NIR pulsation prop-
erties, mean magnitudes, and amplitudes are tabulated
in Table 4.
We compared our mean magnitudes with those
from Longmore et al. (1990). The magnitudes from
Longmore et al. (1990) were in the AAO photometric
system. For a relative comparison, the photometric
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Figure 7. Difference in K-band mean magnitudes between
our photometry and that of Longmore et al. (1990) as a func-
tion of the radial distance from the cluster center. TW: This
work. The median value and the standard deviation are also
shown.
transformations6 from Carpenter (2001) are used to con-
vert AAO magnitudes to the 2MASS system. These
transformations also require a (J − K)AAO color term
which has a coefficient of −0.01 dex. Since J-band mag-
nitudes were not provided by Longmore et al. (1990),
we adopt a median (J − Ks) color for the RRL in our
sample. Given the small coefficient of the (J −K)AAO
color term, any deviation from the median value within
6 https://www.astro.caltech.edu/∼jmc/2mass/v3/
transformations/
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Figure 8. NIR color–magnitude diagrams in (J − H), J
(top) and (J − Ks),Ks (bottom) for the horizontal-branch
RRL. Note that one of the RRL (V297) is not shown (see
Fig. 3). In the bottom panel, the dotted blue and dashed
red lines display the theoretically predicted first overtone
blue edge and the fundamental red edge from Marconi et al.
(2015). Some RRL that appear to be located farther from
the majority of the variables are marked in each panel and
their error bars are also shown. Representative median error
bars are also shown at the bottom right of each panel.
the RRL color range does not make any significant dif-
ference to the K-band magnitudes. Fig. 7 shows the
difference in the K-band photometry as a function of
the radial distance from the center of the cluster. While
several common stars show large offsets (> 0.1 mag),
no statistically significant difference can be determined
given the scatter around the median value.
3.2. Color–magnitude and Bailey diagrams
We used the mean magnitudes and amplitudes esti-
mated from the best-fitting templates to study the pul-
sation properties of RRL at NIR wavelengths. Fig. 8
displays the color–magnitude diagrams in J −H, J and
J−Ks,Ks for RRL in M3. The intrinsic color variations
in the NIR bands are significantly (∼ 3 − 4×) smaller
than in the optical bands. The RRab and RRc pulsators
overlap in the so-called “OR” region (Bono et al. 1997)
where both pulsation modes are possible. Most Blazhko
RRL are also located centrally along the overlapping re-
gion between RRab and RRc. In both color–magnitude
diagrams, a few RRL that appear to be located farther
from the concentrated cluster of sources are marked.
Most of these exhibit large photometric uncertainties in
at least one filter.
In Fig. 8, the theoretically predicted fundamental
mode red edge and the first-overtone blue edge from
Marconi et al. (2015) are also overplotted in the (J −
Ks), Ks color–magnitude diagram. Most NIR observa-
tions fall in the region within the predicted boundaries
of the instability strip while some RRL are redder/bluer
than the fundamental/first-overtone edges. Extinction
corrections are not applied to the color–magnitude dia-
grams because the reddening, E(B − V ) = 0.01 mag, in
M3 is negligible (Harris 2010). Nevertheless, the outlier
RRL stars will fall inside the predicted boundaries of
the instability strip within ±3σ of their quoted uncer-
tainties. While the predicted topology of the instability
strip may be independent of the metal abundance in
the NIR bands, note that the model computations also
have a typical minimum resolution of ±50 K in effective
temperature (Marconi et al. 2015).
Fig. 9 shows the period–amplitude or Bailey diagrams
in the JHKs-bands for M3 RRL variables for the first
time. The left panels display Bailey diagrams based on
amplitudes determined accurately from the well sam-
pled light curves. In the J-band, the amplitudes of the
RRab decrease as a function of increasing period simi-
lar to the situation in the optical bands (see Fig. 1 of
Jurcsik et al. 2017). The right panels show Bailey dia-
grams for light curves with both quality flags ‘A’ and ‘B’.
The loci of OoI and OoII type RRab were determined by
fitting second-order polynomials to J-band amplitudes
in the period range −0.3 < log(P ) < −0.1 day, and the
following equations were obtained:
AJOoI =−1.27(0.09)− 11.59(0.70) log(P )
−19.47(1.40) log(P )2,
AJOoII =−0.62(0.16)− 8.93(1.88) log(P )
−17.97(5.31) log(P )2. (1)
The locus of OoI RRab stars is consistent with
the scaled optical band locus for RRL in M3 from
Cacciari et al. (2005, see top left panel of Fig. 9). The
mean period offset between our empirical OoI and OoII
loci is also consistent with the observed shift in the break
period in the RRab amplitude ratios in M3 and ω Cen.
The J-band loci were scaled arbitrarily by 75% and 65%
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Figure 9. Left: Bailey diagrams for RRL stars in M3 based on good quality (flag ‘A’) light curves in the J (top), H (middle),
and Ks (bottom) bands. Overplotted dashed and solid lines represent approximate loci of Oosterhoff I and II types of RRab
stars. Dotted line in the top-left panel displays the locus of OoI RRab in the B-band from Cacciari et al. (2005) scaled arbitrarily
by 35%. Right: As the left panels but for RRL with both quality flags ‘A’ and ‘B’. Representative median error bars are also
shown at the bottom of each panel.
in the H and Ks-bands to provide a relative comparison
of amplitudes with different quality flags. The major-
ity of amplitudes for RRab that were determined from
the light curves with quality flag ‘B’ fall below the lo-
cus of OoI types. This suggests that the amplitudes
for the light curves with large phase gaps are likely un-
derestimated because the NIR-to-optical amplitude ra-
tios, used to constrain the amplitudes, exhibit a scatter
of ∼ 20% around the mean values. Furthermore, the
V -band amplitudes of Blazhko RRL in M3 can change
by ∆V = 0.65 mag, and exhibit a relative change of
up to 90% in total amplitude (Jurcsik et al. 2017), and
therefore, the amplitude estimates are likely uncertain
in these cases.
At NIR wavelengths, Braga et al. (2018) found evi-
dence that the locus of RRab stars starts to flatten for
longer periods while Gavrilchenko et al. (2014) found a
nearly flat locus of RRab at mid-infrared wavelengths.
In Fig. 9, the range of amplitudes for RRab in the H
and Ks-bands is smaller than in the J-band and ex-
hibits more scatter. However, no evidence of flatness
is noted. Instead a steady decrease in amplitudes is
seen for longer period RRab stars. The light curves of
RRc are nearly sinusoidal with smaller variability ampli-
tudes, and therefore, the amplitude are well constrained
even for light curves with poor phase coverage. Fur-
thermore, no obvious trend is seen in the amplitudes as
a function of the radial distance from the cluster cen-
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ter. For low amplitude RRc stars with AV < 0.1 mag,
the precision of our photometry is insufficient to detect
variability in NIR which has smaller amplitude than in
optical bands. RRL variables with known Blazhko mod-
ulations (Jurcsik et al. 2015, 2017) are also overplotted
in Fig. 9. No obvious trend is seen between Blazhko
and non-Blazhko variables unlike in optical bands where
Blazhko stars typically exhibit smaller amplitudes at a
given period. This is expected in the NIR where no sig-
nificant amplitude modulations are seen (Jurcsik et al.
2018) but observations sampled over a long time interval
are needed to notice these long-term variations.
4. PERIOD–LUMINOSITY RELATIONS
We used the mean magnitudes listed in Table 4 to
derive PLRs for M3 RRL at NIR wavelengths. The red-
dening in M3 is small - E(B − V ) = 0.01 mag (Harris
2010), 0.013 mag (VandenBerg et al. 2016). Adopting
the reddening law of Cardelli et al. (1989) and a total-
to-selective absorption ratio RV = 3.23, the extinction
in the V -band amounts to ∼ 0.04 mag. Therefore, ex-
tinction corrections of 13, 9, and 5 mmag were esti-
mated in the J , H , and Ks-bands, respectively, using
total-to-selective absorption ratios from Bhardwaj et al.
(2017b).
Under the basic assumption that the PLRs are linear
over the entire period range under consideration, the
following relation was fitted to the data:
mλ = aλ + bλ log(P ), (2)
where aλ and bλ give the slope and zero-point of the
PLR in a given filter. The scatter (rms) in the PLR
mainly results from the intrinsic width in tempera-
ture of the instability strip, a metallicity contribution
(∼ −0.18 mag/dex in the Ks-band, Marconi et al. 2015)
and uncertainties in the extinction correction. However,
the extinction correction uncertainties are minimal in
NIR bands and high-resolution spectra of bright stars
show that M3 has no appreciable spread in metallicity
(σ[Fe/H] = 0.03 dex, Sneden et al. 2004).
We considered three different samples of RR Lyrae
to derive PLRs: (1) RRab variables; (2) a combined
sample of RRc and RRd, where dominant first-overtone
periods are used for the latter; (3) a combined sample of
RRab, RRc, and RRd variables after fundamentalizing
overtone periods using log(PFU) = log(PFO) + 0.127,
where ‘FU’ and ‘FO’ represent fundamental and first-
overtone modes. Note that 5 RRL with periods shorter
than ∼ 0.297 days are pulsating in the second overtone
mode (see Table 1 of Jurcsik et al. 2015).
Fig. 10 displays JHKs-band magnitudes for the RRL
in M3 plotted as a function of the logarithm of their
Table 5. NIR PLRs of RRL in the M3 cluster.
Band Type bλ aλ σ N
J RRab 14.336 ± 0.014 −2.018 ± 0.052 0.044 170
RRc/d 13.967 ± 0.035 −2.145 ± 0.073 0.046 56
All 14.377 ± 0.009 −1.830 ± 0.031 0.049 228
H RRab 14.027 ± 0.016 −2.293 ± 0.059 0.037 170
RRc/d 13.601 ± 0.042 −2.523 ± 0.085 0.047 57
All 14.033 ± 0.010 −2.258 ± 0.034 0.040 225
Ks RRab 13.959 ± 0.015 −2.404 ± 0.057 0.039 170
RRc/d 13.618 ± 0.045 −2.427 ± 0.092 0.050 57
All 13.976 ± 0.010 −2.305 ± 0.035 0.043 227
Note—The zero-point (b), slope (a), dispersion (σ) and the number
of stars (N) in the final PLR fits are tabulated.
pulsation periods. We fitted a linear regression in the
form of Eq. (2) iteratively removing the single largest
> 3σ outlier in each filter separately until convergence.
The best-fitting PLRs are also shown in Fig. 10 and the
results of the regression analysis are listed in Table 5.
The scatter in the empirical JHKs-band PLRs is consis-
tently . 0.05 mag which is up to twice smaller than that
in the optical RI-band PLRs. Adopting a smaller sigma-
clipping threshold (∼ 2σ), the scatter in these relations
is only limited to the photometric uncertainties while
allowing us to retain ∼ 75% of RR Lyrae within this
threshold. We also investigated possible variations in
the slopes and zero-points of the PLRs for samples with
light curve quality flags ‘A’ and ‘B’, and found no statis-
tically significant differences from the values quoted in
Table 5. Furthermore, we also found consistent results
in terms of the slopes and zero-points of the PLRs after
excluding: (1) Blazhko stars, (2) second-overtone mode
variables, (3) stars within 1.5′ radius from the center of
the cluster, (4) stars within a period bin of log(P ) = 0.05
day at either end of the period distribution under con-
sideration.
Fig. 11 shows the residuals of the JHKs-band PLR
fits plotted against the logarithm of the pulsation period.
We do not observe any distinct trend in the residuals of
the PLRs except that the majority of RRab stars with
periods close of 0.5 days exhibit positive residuals in the
J-band. On the other hand, the majority of RRc stars
in the overlapping period range seem to exhibit negative
residuals. Note that RRab stars with periods close to 0.5
days also exhibit large phase gaps due to the observing
cadence. This can lead to an offset in their mean magni-
tudes if the amplitudes of the template fits are not well
constrained. The residuals of the PLRs for RRL, which
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Figure 10. NIR PLRs for M3 RRab and RRc+RRd (left) and all RRL (right) in J (top), H (middle), and Ks (bottom)
are shown based on our photometry. The dashed lines represent best-fitting linear regression over the period range under
consideration while the dotted lines display ±3σ offset from the best-fitting PLRs. Symbols have the same meaning as in Fig. 8.
In the right panels, 3σ outliers with the largest residuals are also marked with the ID of the RRL variable.
are located in the central 1.5′, are also consistent with
zero-mean. However, these residuals exhibit standard
deviations (∼0.09 mag) up to two times larger than for
those in the outer regions. Furthermore, some of the out-
liers with the largest residuals (including V143) are also
known to exhibit Blazhko effects. A discussion about
individual RRL including outliers in the PLRs is given
in the Appendix B.
We also compared the residuals of the PLRs
against the spectroscopic metallicities provided by
Sandstrom et al. (2001) for 27 RRab variables in com-
mon. Sandstrom et al. (2001) determined metallicities
using iron lines from moderate-resolution spectra and
found a mean [Fe/H]FeI = −1.22 dex with a standard de-
viation of 0.12 dex. However, the median uncertainties
in their measurements are of the order of 0.15 dex and
the metallicity range is minimal (∆[Fe/H]∼0.36 dex)
given the uncertainties. We do not observe any obvi-
ous trend in the residuals against the metallicity which
is expected as high-resolution spectra of bright giants do
not provide any evidence of a significant spread in the
mean metallicity of M3 (Sneden et al. 2004).
Finally, we also compared the slopes of the NIR PLRs
of RRL in GCs as shown in Fig. 12. A well-known trend
in the slopes of NIR PLRs, which become steeper when
moving from the J to Ks bands (Neeley et al. 2017;
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Figure 11. Residuals of the PLR fits to the combined sam-
ple of RRL stars in the J (top), H (middle), and Ks-band
(bottom) plotted against the logarithm of the pulsation pe-
riod. V259 is located outside the y-axis range shown in the
middle and bottom panels.
Beaton et al. 2018; Bhardwaj 2020), is also seen for M3
RRL variables. The slopes of the JHKs-band PLRs are
consistent with those for RRL in the GCs with different
mean-metallicities ([Fe/H]= −1.50 in M3; −1.16 in M4,
−1.29 in M5, Harris 2010), and in the GC with a signif-
icant spread in metallicity (ω Cen, Braga et al. 2018).
Furthermore, our PLR slopes for samples of RRab and
all RRL are in good agreement with theoretically pre-
dicted PLZ relations (J : −1.98 (RRab), −1.90 (all); H :
−2.24 (RRab), −2.22 (all); Ks: −2.27 (RRab), −2.25
(all), Marconi et al. 2015). The PLR slopes for RRc
stars are shallower than the theoretical predictions in all
three bands but statistically consistent given the larger
uncertainties.
4.1. Distance to the M3 cluster
New NIR photometry of RRL in M3 provides an op-
portunity to estimate a robust distance to the cluster
thanks to the precision and accuracy of the mean mag-
nitudes and derived PLRs. However, an absolute cal-
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Figure 12. Comparison of the slopes of PLRs of RRL in
GCs in the J , H , and Ks-bands. The data points corre-
sponding to the slopes from different studies in the litera-
ture are slightly offset along the x-axis for visual clarity. A
larger symbol size represents a larger dispersion in the under-
lying PLRs. The slopes in different GCs are adopted from:
M4 (Braga et al. 2015), M5 (Coppola et al. 2011), ω Cen
(Braga et al. 2018), and theoretical results were taken from
Marconi et al. (2015).
ibration of NIR PLRs of RRL is still lacking, and the
precision of the estimated distances is mainly affected by
the zero-point uncertainties of the calibrator relations
(Beaton et al. 2018; Muraveva et al. 2018; Bhardwaj
2020). Theoretical models predict a significant metal-
licity dependence of the NIR PLRs (Catelan et al. 2004;
Marconi et al. 2015) but some empirical relations also
suggest a marginal or weaker dependence on metallicity
(Sollima et al. 2006; Muraveva et al. 2015). Note that
theoretical calibration has been preferred in the most re-
cent studies on distance determination using infrared ob-
servations of RRL (e.g., Neeley et al. 2017; Braga et al.
2018).
First, we also adopted the theoretical calibrations
of the RRL PLZ relation in the JHKs-bands from
Marconi et al. (2015). Given that the metallicities in
these predicted relations are on the Carretta & Gratton
(1997) scale, an iron-abundance of [Fe/H]= −1.34 dex is
adopted for M3. Marconi & Degl’Innocenti (2007) also
modeled the light curves of RRL in M3 for [Fe/H]=
−1.3 dex, which led to a metal-abundance Z ∼ 0.001,
and estimated a distance modulus to the cluster, µ =
15.10± 0.10 mag. The slope and metallicity coefficients
of the predicted relations were used to anchor the ab-
solute zero-point for the JHKs-band PLRs and deter-
mine a distance modulus to the M3 cluster. The re-
sults of distance measurements using JHKs-band PLRs
are tabulated in Table 6. Distance moduli based on J-
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Table 6. Distance to the M3 cluster.
J H Ks
RRL µ σstat. σsyst. µ σstat. σsyst. µ σstat. σ syst.
mag mag mag mag mag mag mag mag mag
Theoretical PLZ calibrations from Marconi et al. (2015)
RRc/d 15.083 0.050 0.057 15.031 0.032 0.058 15.036 0.031 0.058
RRab 15.077 0.020 0.037 15.046 0.017 0.033 15.046 0.017 0.037
All 15.082 0.019 0.042 15.034 0.017 0.035 15.050 0.018 0.040
Mean distance = 15.041± 0.017 (stat.) ± 0.036 (syst.) mag
Empirical calibrations with HST parallaxes from Benedict et al. (2011)
Alla 15.138 0.087 0.122 15.121 0.084 0.089 15.113 0.082 0.081
Allb 15.068 0.072 0.132 15.040 0.069 0.093 15.032 0.065 0.092
Empirical calibration with Gaia parallaxes from Muraveva et al. (2018)
Allc — — — — — — 15.001 0.098 0.121
aAverage distance modulus in JHKs-bands estimated using the zero-point calibration
based on individual RRL with HST parallax. No [Fe/H] correction applied.
b Same as above but with [Fe/H] correction applied.
cCalibration based on the PLZKs relation listed in Table 4 of Muraveva et al. (2018).
band PLZ relations are comparatively larger than for
the H and Ks-bands possibly due to differences in the
slopes and a relatively larger dispersion in the calibra-
tor relations (0.06 mag for RRab and All). The sta-
tistical uncertainties were quantified through propaga-
tion of the errors in the photometry and uncertainties
in the coefficients of the predicted relations. For sys-
tematic uncertainties, errors in the zero-points, errors
in the slopes propagated through the difference of the
mean periods between calibrator and cluster PLRs, and
uncertainties due to possible mean metallicity variations
(∆[Fe/H]=0.05 dex) were added in quadrature. Using
the weighted mean of the H and Ks-band measure-
ments, we determined a distance to the M3 cluster of
µ = 15.041± 0.017 (stat.)± 0.036 (syst.) mag.
We also employed an empirical calibration based on
five Galactic RRL with trigonometric parallaxes from
the Hubble Space Telescope (HST) Fine Guidance Sensor
(Benedict et al. 2011). NIR mean magnitudes for these
calibrator RRL were adopted from Feast et al. (2008)
and Monson et al. (2017). The small sample of RRL
and their modest period range (−0.51 & log(P ) . −0.18
day) do not allow for good constraints on the slopes and
zero-points of the PLRs. Therefore, absolute zero-points
of the PLRs listed in Table 5 were determined based
on the HST parallaxes of individual RRL variables. A
weighted mean of the distances to M3 based on five
RRL was adopted as the distance modulus to the cluster
and the results are given in Table 6. Empirical calibra-
tions of PLRs based on HST parallaxes typically lead
to a larger distance modulus to M3. This is expected
since no metallicity term is included in the PLRs in Ta-
ble 5, and on average the 5 Galactic RRL with the HST
parallaxes are more metal-poor ([Fe/H]∼ −1.63 dex,
Bhardwaj et al. 2016, see Table 8) than the mean metal-
licity of M3. Accounting for the metallicity term accord-
ing to the predicted PLZ relations, the distance mea-
surements based on empirical relations also become con-
sistent with the value obtained using theoretical calibra-
tions. However, Neeley et al. (2017) suggested that the
HST parallaxes for the calibrator RRL and their redden-
ing values in the literature may be affected by system-
atics, in particular for RR Lyr and UV Oct. Indeed, the
parallax of RR Lyr yields the largest distance modulus
to M3 despite having [Fe/H]= −1.39 dex, which is more
consistent with M3.
We also used an empirical calibration of the PLZKs re-
lation based on Gaia parallaxes (Muraveva et al. 2018)
and found a distance estimate consistent with those
based on theoretical calibration. However, uncertain-
ties in the distance estimates based on Gaia parallaxes
are large given a systematic zero-point offset present in
the current data release (see, Muraveva et al. 2018, for
details). From Table 6, it is evident that the distances
determined using the predicted JHKs-band PLZ rela-
tions have the smallest uncertainties for the sample of
RRab and the combined RRL sample. As mentioned,
the empirical PLRs for RRc stars are shallower than
the predicted relations, and the latter also exhibit rel-
atively larger errors in the calibrator coefficients. The
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agreement between three RRL samples in three differ-
ent filters is within 1σ of the quoted systematic uncer-
tainties. Given the larger systematics in both HST and
Gaia DR2 parallaxes, the distance modulus based on the
theoretical calibration is adopted to estimate a distance
D = 10.19± 0.08 (stat.)± 0.17 (syst.) kpc to M3.
Recent estimates of the distance modulus to M3 range
between 15 and 15.1 mag based on several independent
methods, for example, a value of 15.07 mag is quoted
in the GC catalog of Harris (2010). Using an empirical
PLZKs relation, Sollima et al. (2006) estimated a dis-
tance modulus of 15.07 mag to M3. VandenBerg et al.
(2016) used a distance modulus of 15.04 mag to perfectly
fit observations using zero-age horizontal branch evolu-
tionary models and Tailo et al. (2019) found a value of
15.07 mag using main-sequence isochrone fitting to the
cluster color–magnitude diagrams. Based on the Baade–
Wesselink method, Jurcsik et al. (2017) determined a
distance modulus of 15.10±0.043 mag to the M3 cluster.
Our final distance modulus, µ = 15.041±0.017 (stat.)±
0.036 (syst.) mag, is in excellent agreement with the in-
dependent M3 distance estimates in the literature.
5. SUMMARY
We have presented new NIR time-series observations
of a 21′×21′ sky area around the center of the M3 globu-
lar cluster. Our sample of RRL in M3 was adopted from
the catalog of Clement et al. (2001), and uses accurate
pulsation periods and V -band amplitudes from the ex-
tensive optical photometric studies in the literature (for
example, Jurcsik et al. 2015, 2017). The ensemble NIR
photometry from multi-epoch observations was derived
and calibrated with an internal photometric precision
of better than 2% for RRL in moderately crowded re-
gions. Combining optical and NIR data resulted in the
largest sample to date of 233 RRL in a single cluster with
multi-epoch JHKs-band data. We used light curve data
to investigate amplitude ratios and Bailey diagrams for
RRL in the JHKs-bands for the first time in M3. New
templates for RRL in NIR from Braga et al. (2018) were
used to determine precise photometric mean magnitudes
in the JHKs-bands and derive new PLRs. Our precise
PLRs will be useful to investigate the dependence on
metallicity when complemented with literature data of
homogeneous RRL populations in the GCs having inde-
pendent distances and different mean-metallicities.
We summarize our main results as follows :
• We presented JHKs-band light-curve data for 233
RRL variables in the M3 cluster with an average
of 20 epochs in each filter. The M3 RRL sample
consists of 175 RRab, 47 RRc and 11 RRd vari-
ables with JH-band time-series for the first time.
It also provides a five-fold increase in the sample
size of M3 RRL with Ks-band mean magnitudes
available in the literature.
• NIR-to-optical amplitude ratios for RR Lyrae in
M3 display a systematic increase moving from RRc
to short-period (P < 0.6 days) and long-period
(P < 0.6 days) RRab variables. Similar trend is
also observed in the amplitude ratios (AHKs/AJ )
involving only NIR bands. The shift in the me-
dian values of the amplitude ratios for long-period
RRab occurs at an earlier period for M3 variables
than for those in the ω Cen. This observed shift
in the break period (∆ log(P ) = −0.067 [days]) is
in excellent agreement with the difference between
the mean RRab periods in the two distinct Oost-
erhoff type clusters (OoI M3 and OoII ω Cen).
• The largest sample of RRL (or RRab) in a sin-
gle cluster is used to derive new JHKs-band
PLRs. Our sample of 175 RRab stars encom-
passes almost twice the number of fundamental
pulsators in ω Cen with time-series NIR photom-
etry (Braga et al. 2018). The residuals of these
empirical relations do not display any trend as a
function of metallicity suggesting that the spread
in metallicity of individual M3 RRL is negligible.
• The slopes of empirical JHKs-band PLRs for M3
RRL are in excellent agreement with the slopes
of PLRs for RRL in GCs with different mean-
metallicities. Furthermore, our PLRs for RRab
and the combined sample are also consistent with
the theoretical predictions of the PLZ relations
from Marconi et al. (2015). While PLRs for RRc
stars are shallower than the theoretical predic-
tions, they are also in agreement within the un-
certainties.
• We used predicted RRL PLZ relations with a
chemical abundance of Z = 0.001, Y = 0.25, to de-
termine a distance modulus to M3 of µ = 15.041±
0.017 (stat.) ± 0.036 (syst.) mag. Our distance
estimate is in a very good agreement with dis-
tances determined based on modeling of M3 RRL
(Marconi & Degl’Innocenti 2007) or the Baade–
Wesselink method (Jurcsik et al. 2017). We also
found consistent distance estimates based on the
zero-point calibration using HST or Gaia paral-
laxes for RRL provided a proper account of metal-
licity effects is taken.
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APPENDIX
A. ADDITIONAL FIGURES
NIR light curves of a few randomly selected M3 RRL with different quality flags are shown in Figs. 13 and 14.
Time-series data is available online as supplementary material for RRL in M3.
B. COMMENTS ON A FEW RR LYRAE VARIABLES
V4s and V4n: These are two RRL with similar periods that are separated by 0.45′′ and good-quality light curves for
both variables were obtained. V4n is significantly brighter than the best-fitting PLRs. Since the JHKs amplitudes
of V4n are up to 23% smaller than those for V4s, it is likely that photometry of this RRL is biased by a few epochs
obtained in relatively poorer seeing due to blending with nearby stars.
V8, V159, V259: These RRL are brighter than the best-fitting PLRs in at least one filter. Photometry of these
objects is blended due to bright sources in close proximity. J and Ks-band light curves of V8 display clear periodicity
but H-band photometry is significantly contaminated. V159 is an outlier only in the H-band although there it exhibits
a more periodic light curve than in the JKs-bands.
V48 and V143: We recovered a high quality light curve for V143 with full phase coverage despite it being located
within the cluster’s unresolved central 1.5′ region, and the cause of this Blazhko RRL being brighter than the PLRs is
not clear. Similarly, V48 is also brighter than the PLRs although it is well-resolved and the light curves are well-sampled
in the JHKs-bands.
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V129, V217, V234: We have confirmed the uncertain classification of these variables listed in the catalog of
Clement et al. (2001). V129 is an RRc while V217 is an RRab variable. V234 is marked as a candidate field star but
its mean magnitudes are consistent in the JHKs band PLR plane, and therefore, it is likely a cluster member.
V148, V181, V242, V246, and V261: These RRL have proper motions beyond ±5σ of their mean values and exhibit
(except for V261) residuals that are consistent within ±2σ in all three JHKs filters.
V192, V244, and V298: The light curves do not exhibit any periodicity but the weighted mean magnitudes are
consistent with the best-fitting JHKs band PLRs. V244 exhibits large scatter in the time-series and the residuals
of the JH-band PLRs are also large (> 0.1 mag). Similarly, individual measurements for V298 also exhibit large
photometric uncertainties.
V220, V251, and V255: The light curves of these RRL display periodicity despite large scatter and the mean
magnitudes are consistent with the best-fitting PLRs.
V265: We derived a period (0.5284 days) for the first time and confirm that it is an RRL variable. It is classified as
RRab and JHKs band mean magnitudes are consistent with RRL PLRs. Photometry is severely blended for another
close companion, V268, preventing us from obtaining any estimate of the pulsation period.
V297: This is an obvious outlier in the proper motions, color–magnitude diagrams, and the Period–Luminosity
planes. We also looked at the 2MASS magnitudes for this object and found that it is more than a magnitude
brighter in the JHKs-bands than the horizontal branch RRL with similar periods. V297 is also significantly redder
(B − V = 0.97 mag) than horizontal branch stars in the optical color–magnitude diagram (Hartman et al. 2005, their
Figure 8 and Table 2). Since the V -band amplitude of V297 is very small (0.05 mag, Hartman et al. 2005), no periodic
variability is recovered in our photometry. It is located in the outskirts of the cluster and is unlikely blended, suggesting
it is either misclassified as an RRL or it may be a field variable. Therefore, we do not consider V297 a member of the
cluster RRL population.
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Figure 13. Example JHKs-band light curves of RRL with quality flag ‘A’ in our sample. The J (blue stars) andKs (red circles)
light curves are offset for clarity by +0.1 and −0.2 mag, respectively. The dashed lines represent the best-fitting templates to
the data in each band. Star ID, subtype, and the pulsation period are included at the top of each panel.
20 Bhardwaj A. et al.
0 1 2
15.0
14.3
V3    RRab     0.558
0 1 2
14.71
14.07
V4n    RRab     0.585
0 1 2
14.91
14.17
V4s    RRab     0.593
0 1 2
15.11
14.37
V6    RRab     0.514
0 1 2
15.2
14.4
V7    RRab     0.497
0 1 2
15.1
14.4
V16    RRab     0.511
0 1 2
15.1
14.3
V21    RRab     0.516
0 1 2
15.1
14.4
V22    RRab     0.481
0 1 2
15.1
14.4
V25    RRab     0.480
0 1 2
15.0
14.5
V28    RRab     0.471
0 1 2
15.1
14.4
V32    RRab     0.495
0 1 2
15.0
14.3
V35    RRab     0.531
0 1 2
14.9
14.3
V47    RRab     0.541
0 1 2
15.1
14.4
V52    RRab     0.516
0 1 2
15.1
14.3
V58    RRab     0.517
0 1 2
14.9
14.4
V61    RRab     0.521
0 1 2
14.7
14.2
V70    RRc     0.486
0 1 2
15.06
14.39
V74    RRab     0.492
0 1 2
15.1
14.4
V76    RRab     0.502
0 1 2
15.03
14.48
V79    RRab     0.483
0 1 2
15.0
14.2
V80    RRab     0.538
0 1 2
15.0
14.4
V90    RRab     0.517
0 1 2
15.1
14.3
V92    RRab     0.504
0 1 2
15.0
14.3
V94    RRab     0.524
0 1 2
15.0
14.4
V111    RRab     0.510
0 1 2
15.0
14.3
V116    RRab     0.515
0 1 2
15.1
14.4
V118    RRab     0.499
0 1 2
14.99
14.34
V119    RRab     0.518
0 1 2
15.05
14.30
V122    RRab     0.498
0 1 2
14.99
14.56
V140    RRc     0.333
0 1 2
14.8
14.2
V144    RRab     0.597
Phase
J H
 
K s
 
(m
ag
)
0 1 2
15.0
14.3
V145    RRab     0.514
0 1 2
15.10
14.35
V146    RRab     0.502
0 1 2
15.09
14.35
V150    RRab     0.524
0 1 2
15.0
14.3
V156    RRab     0.532
Figure 14. As Fig. 13 but for the RRL with light curve quality flag ‘B’.
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